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should	 be	 followed,	 either	 to	 co-register	 the	 thermal	 images	 among	 them	 for	 further	 processing	 or	
comparison,	and	 to	project	even	a	 full	dataset	over	a	 reference	 template	 to	obtain	a	group	 temperature	








processing	 field	as	 it	allows	 the	co-registration	of	 two	or	more	 images	 [4;	5;	6],	 to	align	an	 image	with	a	
reference	grid	such	as	a	map	or	a	template	[5],	or	to	remove	optical	distortions	introduced	by	the	acquisition	
device	[7;	8].		
Image	 warping	 might	 be	 provided	 by	 the	 detection	 and	 matching	 of	 some	 relevant	 features	 such	 as	
corresponding	sets	of	points	between	images,	local	measurement	of	correlation	between	images	or	edges	











thermal	frames	and	visible	 images	to	obtain	a	fusion	 image	[11].	 In	2007,	 Istenic	et	al.	employed	a	multi-
sensor	 registration	 in	 the	 Hough-parameter	 space	 for	 building	 images	 [13],	 while	 Kong	 et	 al.	 utilized	
multiscale	 fusion	 of	 thermal	 and	 visible	 images	 to	 obtain	 a	 reliable	 face	 recognition,	 independent	 from	
illumination	 conditions.	 The	 combination	 of	 both	 imaging	 techniques	 improved	 the	 recognition	
performances	under	a	wide	range	of	illumination	change	[15].	In	2009,	Howell	et	al.	made	use	of	an	affine	
transformation	 for	 the	 visible-infrared	 registration	 to	 assess	 the	 skin	 temperature	 and	 blood	 flow	 in	
childhood	localized	scleroderma	[14].	In	2013,	Cheng	et	al.	elaborated	a	motion	tracking	system	through	a	
template-based	 algorithm.	 They	 estimated	 the	motion	 parameter	 of	 the	 template	 image	 using	 an	 affine	











different	 distances	 and	 inclination	 angles	 on	 a	 reference	 template	 (reference	 chessboard).	 The	 recorded	
images	were	not	corrected	for	thermal	reflections	and	uniformity	to	replicate	standard	real-life	experimental	
conditions.		
To	establish	 the	 feasibility	of	 the	warping	process,	we	 compared	a	 set	of	points,	manually	positioned	by	
operators	(OP	points),	with	a	reference	standard	point	distribution	(REF	points),	obtained	from	the	thermal	


















mm,	 horizontal	 side	 dH=19	 mm),	 realized	 by	 the	 alternation	 of	 two	 different	 materials	 with	 different	
emissivity:	aluminum	sheet	on	double-sided	tape	blobs	and	white	painted	plexiglass	blobs	(Fig.	1	(a)).	The	
alternation	of	the	two	different	materials	allowed	the	clear	distinction	between	blobs	in	the	thermal	images	
































CONFIRM	pushbutton.	The	user	had	the	possibility	 to	zoom	 in	and	out,	 to	pan	the	thermal	 image	and	to	
adjust	the	thermal	contrast,	through	pushbuttons	on	the	GUI.	Thermal	images	were	automatically	loaded	by	














A	 semi-automated	procedure	was	adopted	 to	determine	 the	 reference	 standard	positions	of	 the	 fiducial	
points	in	each	thermal	image.	A	home-made	script	was	developed	using	MatLab®	2013a.	For	each	image,	the	
binary	map	of	the	edges	was	first	computed,	using	the	Sobel	edge	detection	algorithm	with	an	automatic	





































∀	𝐼𝑈𝑇, ∀	𝑝𝑜𝑖𝑛𝑡:									𝑇𝑅𝐸/,0∗ = (𝑥56/,0 − 𝑥89:/,0 )< + (𝑦56/,0 − 𝑦89:/,0 )<	,																									 	 											(Eq.	1)	
where	 i	∈	 [1,15]	 is	 the	 current	 IUT	 index,	p	∈	 [1,130]	 is	 the	 current	 feature	 point,	 (𝑥56/,0 ,	𝑦56/,0)	 is	 the		
coordinate	of	the	i-th	and	p-th	OP	point	and		(𝑥89:/,0 ,	𝑦89:/,0 )	is	the		coordinate	of	the	i-th	and	p-th	REF	point.			
For	each	of	the	15	IUTs,	we	then	averaged	this	value	across	the	130	points	(Eq.	2):	
∀	𝐼𝑈𝑇:											𝑇𝑅𝐸/∗ = @@AB@AB0C@ 𝑇𝑅𝐸/,0∗ = @@AB@AB0C@ (𝑥56/,0 − 𝑥89:/,0 )< + (𝑦56/,0 − 𝑦89:/,0 )<	.	 											(Eq.	2)	
	
Concerning	the	thermal	errors	estimation,	we	evaluated	the	maximum,	minimum,	average	and	median	














between	each	of	the	above-mentioned	parameters,	for	both	OP	and	REF	determined	blob	(Eq.	3-6):	∀	𝐼𝑈𝑇, ∀	𝑏𝑙𝑜𝑏:								𝑇ℎ𝑒𝑟𝑚𝑎𝑙	𝐸𝑟𝑟𝑜𝑟NOP∗ = 𝑇56QRS − 	𝑇89:QRS;		 	 	 	 																									(Eq.	3)	∀	𝐼𝑈𝑇, ∀	𝑏𝑙𝑜𝑏: 						𝑇ℎ𝑒𝑟𝑚𝑎𝑙	𝐸𝑟𝑟𝑜𝑟NTU∗ = 𝑇56Q/V − 	𝑇89:Q/V;		 	 	 	 																									(Eq.	4)	∀	𝐼𝑈𝑇, ∀	𝑏𝑙𝑜𝑏:						𝑇ℎ𝑒𝑟𝑚𝑎𝑙	𝐸𝑟𝑟𝑜𝑟OWX∗ = 𝑇56RYZ − 	𝑇89:RYZ;		 	 										 	 																									(Eq.	5)	∀	𝐼𝑈𝑇, ∀	𝑏𝑙𝑜𝑏:						𝑇ℎ𝑒𝑟𝑚𝑎𝑙	𝐸𝑟𝑟𝑜𝑟N[U∗ = 𝑇56Q\V − 	𝑇89:Q\V.	 	 	 	 																									(Eq.6)	
where	𝑇56QRS, 𝑇56Q/V, 𝑇56RYZ, 𝑇56Q\V	 are	 the	maximum,	minimum,	 average	and	median	 thermal	 values	 for	


















(𝑥`6/,0 ,	𝑦`6/,0)	in	place	of	(𝑥89:/,0 ,	𝑦89:/,0 )).	(𝑥`6/,0 ,	𝑦`6/,0)	is	the	coordinate	of	the	i-th	and	p-th	template	point,	back-
projected	on	IUT	space.			




connecting	Upper	Left	 (UL),	Upper	Right	 (UR),	Lower	Left	 (LL)	and	Lower	Right	 (LR)	points),	as	shown	
above	in	Fig.	7.	
For	each	user	and	IUT,	we	evaluated	the	thermal	errors	for	each	blob	calculating	the	difference	value	
for	each	of	the	above-mentioned	parameter,	between	the	OP-	and	BP-determined	blobs	(Eq.	3-6	with	𝑇 6QRS, 𝑇 6Q/V, 𝑇 6RYZ, 𝑇 6Q\V		in	place	of	𝑇89:QRS, 𝑇89:Q/V, 𝑇89:RYZ, 𝑇89:Q\V).𝑇 6QRS, 𝑇 6Q/V, 𝑇 6RYZ, 𝑇 6Q\V	are	the	
maximum,	minimum,	average	and	median	thermal	values	for	each	blob,	determined	from	the	BP	
template	points	in	each	image	respectively.	













































distance	 𝑑𝐻	(pixel)	 𝑑𝑉	(pixel)	 Area	(pixel)	 Conversion	factor	
150	cm	 18.31	 19.01	 348.07	 348.07/380	=	0.916	pixel/mm2	
200	cm	 13.84	 14.35	 198.60	 198.60/380	=	0.522	pixel/	mm2	












=	 468.438,	 p<<0.01,	 η2=0.986),	 as	 expected.	 Furthermore,	 the	 post-hoc	 test	 showed	 a	 significant	
difference	in	all	the	pairwise	comparisons	(Fig.	10).	
	Fig.	10	–	Box	plot	for	positioning	errors	(OP	vs.	REF	points)	for	the	three	acquisition	distances	








respect	 to	 the	 distance	 x	 inclination	 angle	 (F(8,7)=15.405;	 p<<0.01;	 η2=0.946)	 and	 post-hoc	 tests	











measures	 ANOVA	 obtaining	 significant	 differences.	 In	 particular,	 for	 d=150	 cm:	 F(2,13)=489.651;	























to	 the	 distance	 of	 acquisition	 (F(2,13)=45.076;	 p<<0.01;	 η2=0.874)	 and	 post-hoc	 tests	 revealed	 a	





































to	 the	 acquisition	 distances	 for	 LWM	 transformation	 (F(2,13)=19107.217;	 p<<0.01;	 η2=1),	 for	
polynomial	 (F(2,13)=15862.940;	 p<<0.01;	 η2=1)	 as	 well	 as	 for	 affine	 transformation	
(F(2,13)=15176.534;	 p<<0.01;	 η2=1)	 and	 post-hoc	 tests	 revealed	 a	 significant	 difference	 in	 all	 the	
pairwise	comparisons	for	all	the	acquisition	distances.	
Repeated	measures	ANOVA	on	the	thermal	error	on	Tavg	showed	a	significant	difference	with	respect	












to	 the	 acquisition	 distances	 for	 LWM	 transformation	 (F(2,13)=69952.248;	 p<<0.01;	 η2=1),	 for	
polynomial	 (F(2,13)=56801.209;	 p<<0.01;	 η2=1)	 as	 well	 as	 for	 affine	 transformation	
(F(2,13)=71676.701;	 p<<0.01;	 η2=1)	 and	 post-hoc	 tests	 revealed	 a	 significant	 difference	 in	 all	 the	
pairwise	comparisons	for	all	the	acquisition	distances.	
Repeated	measures	ANOVA	on	the	thermal	error	on	Tmdn	showed	a	significant	difference	with	respect	












to	 the	 acquisition	 distances	 for	 LWM	 transformation	 (F(2,13)=144.584;	 p<<0.01;	 η2=0.957,	 for	
polynomial	 (F(2,13)=134.495;	 p<<0.01;	 η2=0.954)	 as	 well	 as	 for	 affine	 transformation	




to	 the	 inclination	 angle	 for	 LWM	 transformation	 (F(4,11)=2996.437;	 p<<0.01;	 η2=0.999),	 for	










to	 the	 acquisition	 distances	 for	 LWM	 transformation	 (F(2,13)=696.921;	 p<<0.01;	 η2=0.991,	 for	
polynomial	 (F(2,13)=676.629;	 p<<0.01;	 η2=0.990)	 as	 well	 as	 for	 affine	 transformation	
(F(2,13)=842.978;	p<<0.01;	η2=0.992)	and	post-hoc	tests	revealed	a	significant	difference	in	all	the	
pairwise	comparisons	for	all	the	acquisition	distances.	
Slightly	 significant	 difference	was	 reported	 from	 repeated	measures	 ANOVA	with	 respect	 to	 the	
transformation	 (F(2,13)=4.748;	 p=0.028;	 η2=0.422)	 and	 post-hoc	 tests	 showed	 a	 tendency	 to	 a	
significant	difference	in	the	pairwise	comparison	polynomial	vs.	affine	(p=0.059)	transformation.	
Repeated	measures	ANOVA	on	the	thermal	error	on	Tmin	showed	significant	difference	with	respect	
to	 the	 inclination	 angle	 for	 LWM	 transformation	 (F(4,11)=1414.521;	 p<<0.01;	 η2=0.998),	 for	
polynomial	 (F(4,11)=1631.267;	 p<<0.01;	 η2=0.998)	 as	 well	 as	 for	 affine	 transformation	
(F(4,11)=3955.224;	p<<0.01;	η2=0.999)	and	post-hoc	tests	showed	a	significant	difference	in	all	the	



















































to	 the	 object,	 so	 that	 borders	 and	 details	 can	 be	more	 easily	 detected	 by	 the	 user	 respect	 to	 far	
images.			
Moreover,	the	effect	of	the	acquisition	distance	is	related	also	to	the	nature	of	the	used	technique.	In	
















(probably	 because	 we	 did	 not	 control	 the	 acquisitions	 from	 thermal	 reflections	 and	 uniformity,	
replicating,	 as	 much	 as	 possible,	 the	 real	 experimental	 conditions)	 except	 for	 the	 comparison	









distances	 (Fig.	14).	We	 found	an	effect	of	 the	warping	 transformation	also	on	 the	 thermal	errors	
between	OP	and	BP	blobs,	in	particular	for	Tavg	and	Tmdn	errors	(Fig.	19	(c-d))	but	not	for	Tmax	and	Tmin	
(Fig.	19	(a-b)).		
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